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INTRODUCTION 

Approximately  one  third  of  a millijoule  of  single  pulse  energy  has  been  ob- 
tained from  the  optically  pumped  16  pm  CO2  laser.  In  addition,  grating  tuning  of 
the  laser  has  resulted  in  single-line  operation  over  a wide  range  of  wavelengths  in 
the  16  pm  band.  Finally,  the  entire  16  pm  laser  system  including  HBr  pump  lasers 
has  been  redesigned  and  rebuilt. 

16  13  32 

Preliminary  measurements  have  been  made  of  a number  of  1 O CZS  laser 
transitions  near  8.6  pm.  The  threshold  for  this  laser  has  been  found  to  be  15  mj 
in  the  present  cavity  configuration.  The  operating  characteristics  of  the  directly 
16  12  32 

pumped  O C S laser  have  also  been  studied. 

Absolute  frequency  calibration  of  the  laser  transitions  i6  currently 

under  way.  The  data  for  absolute  frequency  calibration  are  obtained  with  a two- 
channel,  line-center  stabilized  C02  laser  heterodyne  frequency  calibration  system. 
We  have  completed  the  measurements  of  about  two  dozen  beat  frequencies  between 
the  00°1  - [10°0,  02o0]jj  band  P and  R transitions  and  adjacent  ^C*^C>2 

and  l^C^02  laser  lines. 

During  the  last  six  months  a program  was  initiated  to  study  the  efficiency  of 
shifting  an  infrared  carrier  at  10.  6 pm  by  =“  15  GHz  by  means  of  the  traveling  wave 
linear  electro-optic  effect  in  either  single-crystal  GaAs  or  CdTe.  The  microwave 
and  optical  components  have  been  assembled  for  the  experiments.  Initial  micro- 
wave  breakdown  tests  have  been  conducted  to  ascertain  the  peak  microwave  power 
that  can  be  used  in  the  microwave  structures  housing  the  mixing  crystals. 
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1.  16  pm  OPTICALLY  PUMPED  LASER 

During  this  reporting  period,  our  work  was  concentrated  in  three  general 
areas:  understanding  of  the  limiting  kinetic  processes  in  the  optically  pumped 
medium;  improvements  in  the  operation  of  this  optically  pumped  laser  (OPL);  and 
redesign  and  rebuilding  of  each  of  the  major  laser  components.  As  a result  of  this 
work,  our  OPL  can  now  run  reliably  on  a single  line  and  with  output  energies  which 
are  practical  for  LASL  applications. 

Kinetic  Processes  in  the  OPL 

One  of  the  crucial  questions  regarding  the  kinetics  of  the  OPL  has  been  the 
relaxation  of  the  upper  level  of  the  16  pm  transition,  designated  [10°0,  02°0]jj. 

At  the  end  of  the  last  semiannual  the  relaxation  of  the  lower  laser  level  01*0  was 
measured.  Despite  the  fact  that  no  other  equi -energetic  vibrational  states  exist 
for  this  level,  the  relaxation  of  this  level  byHBr  is  extremely  fast  ~ lO^sec’^Torr"1. 
This  is  apparently  the  result  of  vibrational  to  rotational  (V-R)  energy  transfer. 
Obviously  in  the  case  of  the  upper  level  the  same  V-R  mechanism  should  be  oper- 
ative. Further,  since  equi -energetic  vibrational  product  channels  are  available 
(see  Figure  1-1),  the  total  collisional  cross  section  for  vibrational  relaxation 
should  be  even  larger.  The  possibility  of  increased  total  cross  section  arises 
from  the  probable  contribution  of  near-resonant  processes  such  as  the  following: 

1.  C02  [10°0,  02°0]n  + HBr  -*  C02  [10°0,  02°0]I  + HBr  + AKE 

2.  C02  [10°0,  02°0]n + HBr -C02  0220  + HBr  + AKE 

3.  CO2[10°0,  02°0]n  + C02 -*  2 C02  01!0  + AKE 

At  first  glance  the  rapid  relaxation  of  the  upper  16  pm  laser  level  is  not  in 
itself  deleterious.  In  principle,  one  could  always  overwhelm  the  relaxation  by 
stimulating  the  00ol-[10°0,  020]^  transition  with  a sufficiently  intense  pulse  so  as 
to  achieve  a transient  gain.  However,  the  initial  V-V  transfer  from  HBr  is  to  all 
rotational  sub-levels  and  thus  for  efficient  extraction  of  all  stored  vibrational  energy 
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it  is  necessary  to  wait  for  complete  relaxation  of  the  rotational  manifold  before  the 
stimulating  pulse  can  be  turned  off.  As  a result,  relaxation  of  the  upper  16  pm  level 
must  not  be  faster  than  relaxation  of  the  rotational  manifold  or  energy  extraction  will 
be  inefficient.  Earlier  observations  in  a non -wavelength  selective  cavity  suggested 

that  this  relaxation  time,  while  fast,  was  still  slower  than  rotational  relaxation. 

By  using  a grating  tuned  cavity  we  have  shown  in  a more  direct  manner  that  this 
is  indeed  the  case. 

Figure  1-2  shows  the  grating  tuned  cavity  which  was  used  for  experiments. 
Note  that  because  of  the  three  Brewster  windows  and  the  diffraction  grating  the 
cavity  was  relatively  lossy.  With  this  cavity,  it  was  found  that  a wide  range  of 
spectral  lines  could  be  selected  for  each  choice  of  pump  line.  As  an  example, 
stimulating  lines  from  P(8)  to  P(30)  could  be  used  to  obtain  16  pm  laser  action  on 
the  P(19)  transition.  In  addition,  each  P or  R branch  transition  in  the  . 6 pm  band 
could  be  used  to  stimulate  P,  Q,  or  R branch  transitions  in  the  16  pm  laser  band. 
When  the  cavity  was  tuned  so  that  the  resonant  line  and  the  stimulating  line  were 
connected,  viz.  P(19)  and  P(18),  respectively,  no  dramatic  increase  in  the  strength 
of  the  16  pm  signal  was  seen.  * These  results  demonstrate  that  rotational  equili- 
bration is  complete  before  the  upper  16  pm  laser  level  is  relaxed. 

With  this  cavity,  an  attempt  was  made  to  stimulate  with  the  10.  6 pm  CC>2 
transition  and  still  observe  16  pm  laser  action.  The  results  of  this  experiment 
would  indicate  whether  equilibration  of  the  population  between  the  levels  equi- 
energetic  to  the  [00°1,  02°0]jj  level  was  the  initial  step  in  relaxing  the  16  pm 
upper  laser  level.  Despite  the  fact  that,  for  this  experiment,  a higher  reflectivity 
mirror  was  used  in  place  of  the  80%  mirror  shown  in  Fig.  1-2,  16  pm  laser  emis- 
sion was  not  seen  when  stimulating  with  10.  6 pm. 


*This  result  is  qualitative;  more  detailed  measurements  need  be  made. 
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Improvements  in  the  PPL 

There  were  two  noteworthy  improvements  in  the  OPL.  First,  as  described 
above,  single  line,  grating  tuned  oscillation  was  obtained.  While  the  16  pm  pulse 
energy  was  not  measured  systematically  for  the  grating  tuned  laser,  preliminary 
measurements  indicate  that  it  was  approximately  one-fourth  of  that  measured 
with  the  multi -line  cavity.  Considering  the  losses  in  this  cavity,  this  "rough"  meas- 
urement indicates  that  the  optimized  energy  will  be  comparable  for  single  and  multi - 
line  operation. 

The  second  major  improvement  was  the  attaining  of  0.  3 mj  from  the  OPL. 

This  result  was  achieved  with  a particularly  long  OPL  sample  cell.  The  improvement 
most  likely  results  from  the  relatively  lower  partial  pressure  of  HBr  gas  which  is 
sufficient  to  achieve  complete  absorption  in  such  a long  cell.  Since  the  total  pressure 

(mostly  argon)  was  still  as  high  as  in  a shorter  cell,  the  ratio  of  rotational  relaxa- 
tion rate  to  vibrational  rate  increased  as  the  cell  length  was  increased.  This  ac- 
counts for  the  improvement  in  energy  output.  Note,  that  the  laser  efficiency  is 
still  about  a factor  of  eight  less  than  expected  from  theoretical  considerations;  thus 
further  improvement  can  be  expected. 

Redesign  of  OPL  System 

A considerable  amount  of  effort  was  expended  on  redesign  of  the  entire  OPL 
system.  This  effort  was  necessary  to  increase  the  reliability  of  the  bromine  hand- 
ling components,  and  to  increase  the  flexibility  for  varying  various  cavity  configura- 
tions. The  redesign  has  resulted  in  an  improved  HBr  laser  and  associated  cryogenic 
traps.  In  addition,  the  optical  layout  has  been  simplified  and  improved. 

Conclusions 


We  summarize  the  major  findings  of  this  semiannual  as  follows: 


1.  Single-line  laser  action  was  observed  from  the  rotational 
levels  of  interest. 

2.  A pulse  energy  of  0.  3 mj  was  obtained  at  16  pm. 

3.  Rotational  relaxation  of  the  upper  16  pm  laser  level  occurs 
before  its  vibrational  relaxation  in  typical  HRr-CC^  OPL  mixtures. 

R.  M.  Osgood,  Jr. 

Figure  Captions: 

1-1  Energy  level  diagram  showing  the  levels  of  CO2  and  HBr  which  are 

relevant  to  the  16  pm  optically  pumped  laser. 

1-2  Grating  tuned  cavity  used  for  the  16  pm  optically  pumped  laser. 
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2.  OPTICALLY  PUMPED  7.  75  AND  8.  62  pm  LASER  DEVELOPMENT 

16  13  32 

Measurements  of  the  O C S laser  emission  wavelengths  are  currently  in 

progress.  The  preliminary  results  obtained  using  aim  Jarrell-Ash  spectrometer 

are  listed  in  Table  2-1.  The  measured  threshold  for  the  isotopic  IO0  JC;  S laser 

is  about  4 to  5 times  higher  than  the  observed  threshold  for  the  normal  isotope 
16  i 9 32 

O “C‘  S laser.  Presently  we  do  not  know  if  this  represents  an  intrinsic  differ- 
ence or  if  it  is  related  to  the  purity  of  the  gases.  We  have  therefore  ordered  some 
O C S from  Prochem  to  make  a comparison  with  the  IOC)  CJ  s gas  supplied 

by  Los  Alamos.  In  the  present  cavity  configuration  the  measured  threshold  for 
16  13  39 

the  grating  tuned  O C S laser  is  about  15  mj. 

16  12  32 

We  have  obtained  an  output  energy  of  5.  2 mj  from  a directly  pumped  O C S 

laser.  The  measured  efficiency  is  19  percent  while  the  theoretical  efficiency  for 

unit  quantum  efficiency  is  58  percent.  We  believe  the  slow  deactivation  rate  of  the 

10°0  lower  laser  level  limits  the  maximum  efficiency  to  half  unit  quantum  efficiency. 

3 -1  -I 

The  deactivation  rate  of  the  mode  is  approximately  3.4  x 10  sec  Torr  so 

that  at  a typical  operating  pressure  of  10  Torr  the  deactivation  time  is  29  psec. 

This  is  long  compared  to  the  200  nsec  duration  of  the  OCS  laser  output  pulse.  Tn- 

creasing  the  pressure  above  10  Torr  will  not  increase  the  efficiency  since  this  also 

4 - 1 

increases  the  deactivation  of  the  upper  laser  level,  whose  rate  is  4.  7 x 10  sec 

Torr  We  are  investigating  gases  which  might  affect  the  deactivation  rare  of  the 

lower  laser  level  without  changing  the  deactivation  rate  of  the  upper  level  significantly. 

H.  Kildal 
T.  F.  Deutsch 


Table  2-1 


13 

Preliminary  Vacuum  Wavenumber  Measurements  for  the  0 CS  Laser 


R -branch 

P-branch 

1159.77 

1149.73 

1160.18 

1148. 13* 

1160.52 

1147.67 

1160.97 

1146.41* 

1161.29 

1145.42 

1162.00 

1145.09* 

1162.40 

1144.26 

1162.78 

1143.83 

1162.94* 

1141.21 

1163.63* 

1164.08 

1164.30 

1164.47 

1164.83* 

1167.35 

1168. 13 

Reported  previously. 
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3.  CALIBRATION  OF  14CI602  LASER  LINES 

Absolute  frequency  calibration  of  the  laser  transitions  ie 

currently  under  way.  The  data  for  absolute  frequency  calibration  are  obtained 
with  a two-channel,  line-center  stabilized  CO^  laser  heterodyne  frequency  cali- 
bration system.  Detailed  description  of  the  calibration  system  and  procedure 
is  given  in  Appendix  3 -A. 

The  frequency  stability  and  reproducibility  of  the  entire  calibration 
system  was  recently  tested  by  measuring  the  time  domain  fractional  frequency 
stability  of  the  2,697.86  MHz  beat  frequency  between  the  00°1  - [10°0,  02°0]j 

band  P(20)  and  the  ^C^O-,  00°1  - [l0°0,,  02°0]j  band  R(24)  laser  transitions. 

Extensive  measurements  of  the  Allan  Variance  on  the  above  beat  frequency 

-12  -!< 

yielded  a fractional  frequency  stability  of  ° (t)  =6x10  t 2,  where  t is 
the  observation  time  in  seconds.  The  time  domain  stability  measurements  yielded 
the  optimum  operating  parameters  for  the  isotope  calibration  system.  Further 
details  and  results  are  given  in  Appendix  3-B. 

After  a thorough  checkout  and  optimization  of  the  entire  system  we 
commenced  with  the  precise  calibration  of  the  laser  transitions.  This 

is  much  more  time  consuming  than  our  previous  measurements  on  CC^  isotopes 
because  no  single  CO^  isotope  laser  overlaps  more  than  one  branch  of  the 
spectrum,  as  indicated  by  Fig.  3-1.  Thus  we  have  to  use  three  different  CO^ 
isotope  lasers  just  to  calibrate  the  three  short  wavelength  branches  of 
The  fourth  branch  covering  the  12  pm  region  has  to  be  obtained  from  heterodyne 
measurements  of  adjacent  pairs  of  lasing  transitions  with  beat  fre- 

quencies in  the  SO  to  70  GHz  region. 
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At  the  present  writing  we  have  completed  the  measurements  of  about 
two  dozen  beat  frequencies  between  the  0 2 00°1  ' [10  b>  02  0]]j j banJ  P 

and  R transitions  and  adjacent  12C16C>2  and  13C1802  laser  lines.  In  order  to 
facilitate  the  ^4C^02  measurements  we  have  also  recalibrated  the  13C  02  lines 
with  more  than  a 1000-fold  improvement  in  accuracy. 

We  expect  completion  of  the  14C1602  calibration  during  the  next  quarter. 

C.  Freed 


Figure  Caption: 

3-1  CC>2  isotope  laser  transitions. 
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Fig.  3-1 
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Absolute  Frequency  Calibration  of  the 

* 

CO,,  Isotope  baser  Transitions 


Abstract 

The  frequencies  of  rare  C0?  isotope  lasers  are  measured  by  com- 
12  16  ^ 

parison  with  l l)^  reference  lines  and  with  each  other.  Improved 
heterodyne  techniques  are  used  to  generate  difference  frequencies  in  a 
liquid -nitrogen-cooled  HgCdTe  varactor  photodiode.  Microwave  frequency 
counter  measurements  of  the  difference  frequencies  are  then  used  to 
calculate  the  band  centers,  rotational  constants  and  transition  fre- 
quencies with  an  estimated  accuracy  of  less  than  a few  kHz.  Selected 
applications  of  C0?  isotope  lasers  in  precision  heterodyne  calibration, 
spectroscopy,  microwave  and  IR  synthesis  are  described. 


This  work  was  sponsored  by  the  Advanced  Research  Projects  Agency  of  the 
Department  of  Defense  and  in  part  by  0.  S.  Energy  Research  and  Development 
Administration. 
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Absolute  Frequency  Calibration  of  the 
CC>2  Isotope  Laser  Transitions* 


Introduction 

This  paper  will  concentrate  on  new  results  relating  to  C02  isotope 
lasers. ^ At  the  June  1973  Laser  Spectroscopy  Conference  in  Vail,  Colorado, 
we  reported  on  the  determination  ot  transition  frequencies,  band  centers 
and  rotational  constants  of  12C1802,  13C1602,  and  13C18C>2  isotope  lasers^2,3-* 
with  accuracies  of  about  3 MHz.  At  least  a 1000-fold  improvement  in  accuracy  has 
been  achieved  with  the  experimental  apparatus  currently  in  use.  Also,  hundreds 

1 -JO  -JO  1 ^ 1 7 -JO 

of  new  lasing  transitions  have  been  observed  in  0 CO,  0 CO,  and 
14C1602,  and  measurements  of  ^4C^802  and  ^0^4C*80  lasers  will  be  carried  out 
in  the  near  future. 

Current  Experiments 

Optical  heterodyne  techniques^2, 3,4 ,8^are  used  to  generate  beat  frequencies 
between  two  lasers  either  filled  with  different  C02  isotopes,  or  if  the  same  isotope 
is  used  the  difference  frequencies  between  adjacent  rotational  transitions  are 
measured.  The  band  centers  are  determined  by  two  heterodyne  comparisons  with 

The  rotational  constants  are 
computed  by  fitting  the  measured  difference  frequencies  in  a least  squares  sense 
to  the  expansion  of  the  line  frequencies 

f = fQ  + Bu  - J(J+1)  ] - (B£-Bu)  J (J+l) 

-Du  [J'2(J'+1)2  - J2 (J+l)2  ]+  (D£-Du)  J2(J+1)2 
+Hu  [J'3(J'+1)3  - J3(J+D3]-  0VHu)  J3(J41)3 


the  ^2C^02  lines  measured  by  Evenson  et  al.^ 


-Lur.. 
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where  J'  = J-l  for  a P(J)  line  and  J'  = J+l  for  an  R(J)  line.  Figure  1 shows 
a block  diagram  of  the  experimental  apparatus. 

The  experimental  procedure  is  similar  in  principle  to  the  one  previously 
(2 

described;1  ’ therefore  this  paper  will  emphasize  the  improvements  achieved 
and  avoid  repetition  of  every  detail. 

12  3 7) 

Refinements  in  our  standard  grating  controlled  laser  design  ’ ’ J resulted  in 
greatly  improved  laser  output  with  tap-water  cooling.  About  150  transitions 
lasing  in  the  TEMo  mode  could  be  obtained  with  a pure  CO^  isotope  fill,  in- 
cluding many  from  the  01* 1 - 11*0  "hot  band".  Several  hundred  lasing  transitions 
were  available  from  a single  laser  filled  with  mixed  isotopes. 

The  1000-fold  improvement  in  the  accuracy  of  frequency  measurements  was 
primarily  due  to  active  long-term  stabilization  of  the  lasers  to  the  natural 
line  centers  of  low  pressure,  room  temperature,  CC^  absorption  cells  external  to 
the  lasers.  In  previous  papers  with  A.  Javan  we  have  shown^’^that  CO^  lasers 
can  be  frequency -stabilized  in  any  lasing  transition  by  using  the  standing-wave 
saturation  resonances  in  a low  pressure,  room  temperature  pure  CO^  absorber  via 
the  intensity  changes  observed  in  the  entire  collisionally  coupled  spontaneous 
emission  band  at  4.3  pm.  It  was  also  demonstrated  that  the  frequency  shift  due 
to  changes  in  pressure  is  very  small  in  CO^,  typically  much  less  than  100  Hz/mTcrr. 

In  the  experimental  setup  shown  in  Fig.  1,  vastly  improved  CO^  stabilization 
cells  external  to  the  lasers  are  used/10)  In  the  new  design,  the  low  pressure  gas 
cell,  the  LJ^-cooled  radiation  collector,  and  the  IR  detector  are  all  integral 
parts  of  one  evacuated  housing  assembly  which  also  minimizes  signal  absorption 
by  windows  and  eliminates  all  other  sources  of  absorption.  Because  of  the  vacuum 
enclosure,  diffusion  of  other  gases  into  the  low-pressure  gas  reference  cell  is 
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almost  completely  eliminated;  therefore,  the  time  period  available  to  use  the 
reference  gas  cell  has  greatly  increased  and  considerably  less  time  has  to  be 
wasted  on  repumping  and  refilling  procedures.  Also,  one  fill  will  last  at 
least  18  hours.  In  addition  to  greatly  improved  reliability  and  maintenance  we 
have  also  obtained^1^  at  least  two  orders  of  magnitude  improvement  of  the 
signal -to-noise  ratio  in  measuring  the  4.3  pm  fluorescence. 

The  improvements  in  laser  stability  also  necessitated  the  use  of  highly 
stabilized  microwave  oscillators  and  frequency  counters  to  measure  both  the 
intermediate  and  the  local  oscillator  frequencies.  The  frequency  counts  were 
directly  fed  into  a computer  for  further  processing  of  the  data. 

No  description  of  our  experimental  setup  can  be  complete  without  specially 
mentioning  the  remarkable  performance  achieved  with  the  improved,  high  speed, 
high  quantum  efficiency  HgCdTe  photodiodes  developed  by  I).  L.  Spears  at  Lincoln 
Laboratory.  We  achieve  mixing  of  the  microwave  local  oscillator,  or  its  har- 
monics, with  the  CO^  laser  beats  directly  in  these  HgCdTe  photodiodes.  The  gener- 
ation of  harmonics  and  the  mixing  of  the  microwave  signals  closely  correspond 
to  varactor  diode  behavior.  Figure  2 illustrates  a typical  microwave  fre- 

quency beat  signal  obtained  by  varactor  harmonic  mixing  and  frequency  down- 
conversion  in  such  a photodiode.  Figure  2 shows  a 52  dB  signal -to-noise  ratio 
with  a 10  kHz  noise  bandwidth  for  the  24,410.301  MHz  beat  frequency  of  the 
16012C180  00°1  - [10°0,  02°01I  band  P(12)  and  the  12C1607  00°1  - [10°0,  02°0  )jba: 

P(6)  transitions;  this  represents  a 16  dB  increase  in  signal -to-noise  ratio 
when  compared  to  our  previously  published  results.  ’ 1 Greater  detection  sen- 
sitivity was  due  in  part  to  improvements  in  detector  technology  and  in  part  to 
special,  low  microwave  loss  dewar  and  signal-duplexer  design.  The  two  detectors 
presently  in  use  have  been  installed  well  over  two  years  ago  and  both  can  detect 
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the  up  to  60  GHz  (2  cm  *)  beat  frequencies  of  adjacent  CO^  rotational  transitions 

with  over  30  dB  signal -to-noise  ratio. 

Table  I shows  a set  of  20  beat  frequencies  measured  between  the  indicated 

tr  l °0  isotope  transitions  and  adjacent  c laser  lines  used  as  reference. 

The  measured  difference  frequencies  were  fitted  in  a least  squares  sense  to  the 

12  16 

expansion  of  the  line  frequencies  shown  previously  in  F.q.  1.  The  C reference 
frequencies  were  computed  from  the  constants  recently  published  by  Petersen^  and 
his  coworkers  at  the  N.B.S.  in  Boulder. 

Table  II  shows  the  band  centers  and  rotational  constants  of 
determined  from  the  twenty  beat  frequencies  listed  in  Table  I.  The  results  in 
Tables  I and  II  show  more  than  10^  improvement  over  the  data  previously  available 
for  this  isotope.  We  expect  another  order  of  magnitude  improvement  because  the 
data  of  Table  I were  taken  prior  to  installation  of  the  improved  laser 
stabilization  equipment. 

Hundreds  of  laser  lines  have  been  observed  in  *^0*^C*  0 and  in 
isotopes  since  both  even  and  odd  rotational  transitions  are  allowed  lor  a linear 
molecule  in  which  one  of  the  atoms  is  replaced  by  an  isotopic  substitute.  Our 
current  emphasis,  however,  lies  in  the  determination  of  the  laser  transitions 

because  of  the  rich  spectrum  they  provide  in  the  vicinity  of  12  pm.  Some  of  the 
01*1  - 11*0  "hot  band"  lines  we  observe  are  near  12.4  um  in  ***C*b07  lasers. 

Figure  3 illustrates  the  relative  positions  of  lasing  transitions  in  ^C^O-,, 

16„13„18„  16_.12„18„  , 12„16„  . „ . ....  ,(2,3) 

0 C 0,  0 C 0 and  C O2  isotopes.  We  previously  published^  ’ ’ 

• , . r . , 13„18„  13„16~  , 12„18_ 

similar  chart  for  the  C 0?,  C 0^  and  C isotopes. 
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It  is  thus  clear  that  the  spectral  purity,  frequency  stability  and  resettability 
together  with  the  availability  of  well  over  a thousand  lasing  transitions  uniquely 
endow  the  C07  system  for  either  direct  use  in  high  resolution  spectroscopy > or 
as  a secondary  frequency  standard  in  heterodyne  spectroscopy  with  tunable  lasers, 
or  in  precision  IR  synthesis  which  involves  frequency  mixing.  Examples  of  such 
uses  will  be  given  in  the  remaining  part  of  this  paper. 

CO^  Laser  Applications  in  IR  Spectroscopy  and  Synthesis 

The  examples  described  in  this  section  have  been  selected  because  of  some 

personal  interest  or  involvement  of  the  author  and  are  not  meant  to  be  all 

1121 

inclusive.  By  comparison  with  selected,  doubled  CO^  transitions^  the  entire 
CO  laser  spectrum  may  be  also  utilized  as  a secondary  frequency  standard  in  the 
4.9  to  7.5  pm  portion  of  the  infrared  spectrum.  With  the  sole  exception  of  the 
saturation  resonance  stabilization  technique  using  the  4.3  pm  spontaneous  emission, 
all  other  aspects  of  this  paper  can  be  easily  extended  to  the  molecular  CO 
laser  system.  Stable,  sealed-off  CO  laser  operation  has  been  previously  demon- 
strated.^'^ The  Lamb-dip  in  CO  lasers' ^ can  ne  used  to  set  the  laser 
transitions  well  within  1 MHz  of  line  center,  fhe  HgCdTe  varactor  photodiodes 
are  just  as  useful  at  CO  wavelengths.  Indeed,  microwave  frequency  beats 

between  CO  laser  transitions  equivalent  to  the  one  shown  in  Fig.  2 have  been 

l?  15  Ifil 

previously  described.  ’ ’ ’ 

Figure  4 illustrates  probably  the  most  precise  measurement  method  available 
to  date  in  the  calibration  of  absorption  spectra.  In  the  experimental  arrange- 
ment of  Fig.  4,  the  outputs  of  a tunable  diode  laser  and  a ^C^07  laser  are 
combined  by  a beam  splitter.  One  part  of  the  combined  radiation  is  heterodyned 
on  a fast  HgCdTe  varactor  photodiode,  and  the  beatnote  displayed  and  measured 


( 
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by  a microwave  spectrum  analyzer  (or  counter) . The  other  part  of  the  combined 
laser  radiation  is  used  to  probe  an  absorption  cell,  which  in  this  particular 
experiment  was  filled  with  NH^  at  a pressure  of  5 TORR. 

Figure  5 shows  a heterodyne  beat  frequency  of  6,775  MHz  between  the 
laser  and  the  diode  laser  tuned  to  one  of  the  NH^  absorption  lines  near  12.1  pm. 

With  the  CO^  laser  stabilized  to  its  line  center  and  the  diode  laser  locked  to  the 
absorption  line  to  be  measured,  heterodyne  calibration  can  provide  an  accuracy 
not  presently  available  by  any  other  method. 

At  Kitt  Peak  National  Observatory,  in  a whole  series  of  beautiful  experi- 
ments, heterodyne  detection  was  used  to  measure  C09  emission  lines  in  the  atmospheres 
of  Venus  and  Mars.  The  observed  frequencies  have  been  combined  with  a knowledge 
of  the  C0?  transition  rest  frequencies  and  the  center  of  mass  velocity  of  the 

planet  to  determine  the  1 ine-of-sight  wind  velocities  in  the  upper  atmosphere  of 

„ (18,19) 

Venus . 

In  heterodyne  experiments  with  CC^  lasers  it  is  often  advantageous  to  use 
a local  oscillator  with  a precisely  known  offset  frequency.  For  instance  know- 
ledge of  the  910.365  NHz  beat  frequency  between  the  [10°0,  02°0  )j  P(16) 

and  the  01  *1  - 11*0  band  P(31)  transitions  provided  a convenient  choice 

(19) 

in  the  observation  of  hot  band  emission  lines  in  the  atmosphere  of  Mars.  1 

The  computerized  setup  shown  in  Fig.  1 gives  great  flexibility  in  the  pro- 
cessing and  use  of  accumulated  experimental  results.  For  example,  Table  III 

shows  the  beat  frequencies  from  0 to  2000  MHz,  computed  and  sorted  for  the 

12r16„  , 16n12„18n  . . 

C O2  and  0 C 0 isotopes. 


Microwave  (or  lower)  frequency  generation  may  be  achieved  with  a single 
laser  filled  with  a mixture  of  CC^  isotopes.  The  spectral  purity  and  long  term 
stability  of  the  (self-)  beatnotes  obtained  in  this  way  may  only  be  compared  to 
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stabilized  oscillators  of  the  highest  quality.  Figure  6 shows  the  spectrum 
analyzer  display  of  the*  3165  Mlz  self-beat  frequency  of  the  00°1-  [10°0,  02°0]| 

PflO)  and  the  12C160  00°1  - [10°0,  02°0  ],  R(18)  transitions.  The  spectral 

purity  of  such  self-beats  is  explained  by  the  fact  that  the  fractional  frequency 
stability  at  the  microwave  beat  frequency  will  be  identical  to  the  stability  of 
the  laser  frequency  itself.  Short-term  stabilities  of  10  to  10  are 
routinely  achieved  with  well  designed  and  acoustically  shielded  CC>2  lasers 
in  a normal  laboratory  environment.^"^  Microwave  oscillators  must  utilize  super- 
conducting cavities  to  achieve  the  high  Q factors  necessary  for  equivalent 
stability. 

Table  IV  illustrates  IR  synthesis  at  16  pm,  in  which  the  computer  was  given 
the  task  to  find  all  possible  CO^  isotope  line  combinations  for  which  the  dif- 
ference frequency  between  frequency  doubled  4C2f=,02  transitions  and  any  other 
CO-,  transition  will  fall  within  625.0  + 0.1  cm  (It  should  be  noted,  however, 
that  Table  IV  was  computed  from  our  preliminary  spectrometer  measurements  on 
14C1602  and  should  not  be  considered  final  and  accurate,  but  rather  as  an  example 

of  methodology.) 

Conclusions 

Rare  C02  isotopes  can  provide  a many-fold  expansion  of  the  already  highly 
useful  spectral  range  of  C02  lasers.  In  terms  of  number  of  lasing  transitions, 
power  output,  gain,  stability,  and  sealed-off  cw  operation  characteristics,  rare 

1 •)  j ^ 

isotope  lasers  are  generally  similar  to  the  commonly  used  C 0-,  lasers.  Since 
sealed-off  C02  laser  operating  life  times  of  over  10,000  hours  have  been  reported 
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by  a number  of  laboratories,  the  additional  cost  of  a few  Torr-1 iters  of 
isotope  required  for  a properly  designed  laser  is  not  significant. 

I * 

Even  the  few  examples  given  in  this  paper  make  it  quite  clear  that  the  spectral 
purity,  frequency  stability  and  resettability  together  with  the  availability  of 
well  over  a thousand  lasing  transitions  uniquely  endow  the  CC^  system  for  either 
direct  use  in  high  resolution  spectroscopy  or  as  a secondary  frequency  standard 
in  heterodyne  spectroscopy  with  tunable  lasers,  or  in  precision  IR  synthesis 
which  involves  frequency  mixing. 

A systematic  and  precise  evaluation  of  the  band  centers,  rotational  constants, 

'•  and  lasing  transition  frequencies  of  the  CC^  isotopes  is  under  way.  These  data 

will  also  be  of  great  value  in  evaluating  the  potential  function  under  the  influence 
of  which  the  nuclei  are  moving. 
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Table  T.  Difference  frequencies  measured  between  and 

lasing  transitions. 

1 1 ? 1 Q 

Table  II.  Band  centers  and  rotational  constants  (in  Mlz)  for  0 C 0. 

Table  III.  Beat  frequency  generation  in  the  0 to  2000  Mile  range  by  synthesis  of 

12,46n  , . 16n12 ,18n  . . . 

C 0-,  ;ind  0 C.  0 isotope  laser  transitions. 

Table  IV.  Computerized  IR  synthesis  at  16  pm  to  find  all  possible  CO^ 
isotope  line  combinations  for  which  the  difference  frequency 
between  frequency  doubled  and  any  other  CC>2  transition 

will  fall  within  625.0+0.1  cm  1 . 
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Figure  Captions 


Fig.  1.  Experimental  setup  used  to  determine  the  C09  isotope  laser  frequencies. 

Fig.  2.  24,410.301  Mlz  heat  frequency  of  the  16012C180  laser  00°1  - [10°0,  02°0  ]j 

band  P(  1 2)  and  the  ^C^fE,  laser  00°  1 - [10°0,  02°0]  band  P(6)  ti'ansitions . 
Power  levels  into  photodiode: 

n 1 A 

1£C  02  LASER  : 0.42  rnw 

16012C180  LASER  : 0.48  mw 

Noise  bandwidth  : 10  kHz 

Second  harmonic  of  microwave  L.O.  is  used. 

Fig.  3.  Comparison  of  the  frequency  domain  of  rare  C0?  isotope  lasers 
12„16n 

with  C 0^  . 

Fig.  4.  Experimental  setup  used  to  calibrate  NH,  absorption  lines  at  12.1  urn. 


Fig.  5.  Spectrum  analyzer  display  of  a 6,775  MHz  beat  frequency  between  a 
^C^O-,  laser  transition  and  a tunable  diode  laser  probe  held  to 
one  of  the  NH^  absorption  lines  near  12.1  pm. 

Fig.  6.  Spectrum  analyzer  display  of  3,165  MHz  beat  frequency  of  the  ^C^C^ 
00°1  - [10°0,  02°0]n  band  P(10)  and  the  12C160,  00°1  - [10°0,  02°0  lj 
band  R(18)  transitions. 
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TABLE  I 


,6o  ,2c  ,eo 


Isotope  Reference  Measured  leas. -Calc. 


Line 

Line 

f(I)-f(R)  (MHz) 

(kRx) 

I 

P (36) 

I 

P ( 30) 

23093. 47229  3 

0.319 

I 

pno) 

I 

P ( 24) 

24066. 45  337C 

-4.910 

I 

P (28) 

I 

P (22) 

24  281.3  26590 

11.685 

I 

P (26) 

I 

P ( 20) 

24058.722416 

-9.601 

I 

P 02) 

I 

P(  6) 

24410.301202 

-0.837 

I 

F (20) 

I 

P ( 26) 

16293.464805 

7.C06 

I 

P (22) 

I 

P ( 28) 

15492.423925 

-6.201 

I 

P (24) 

I 

P (30) 

14661.551163 

2.163 

I 

P (26) 

I 

R ( 32) 

13801.985927 

-3.534 

I 

F (28) 

I 

B(34) 

12914.731880 

4.148 

I 

P (30) 

I 

R (36) 

12000. 9453O0 

1.706 

I 

F (32) 

I 

R ( 38) 

11061.821500 

-1.543 

II 

P (24) 

IT 

P ( 12) 

-13727. 6543°3 

-0.455 

II 

P (23) 

II 

P ( 12) 

12200.0628"" 

-1.532 

II 

P (21) 

II 

P (10) 

12550.189853 

9.409 

II 

P (20) 

II 

P(  8) 

- 12234.  57456" 

-1.442 

II 

P(19) 

II 

P(  8) 

13033.172350 

-2.832 

II 

P (1  3) 

II 

R<26) 

3C66. 650077 

-3.714 

II 

*05) 

II 

R (28) 

6484.301600 

7.754 

II 

P 09) 

II 

R < 32) 

13634. 17328C 

-7.188 

Standard  dexiation=  8.226  kHz 


DIFFERENCE  FREQUENCIES  MEASURED 
BETWEEN  16012C180  AND  12C16Q2 


LASING  TRANSITIONS 


TABLE  II 


NO 

I 

= 

28968012. 096378 

* 

? . 42  6 B-0  2 

NO 

II 

= 

32156350.546717 

* 

9.P60E-02 

B 

001 

= 

10951.024273309 

* 

7.  c79*-04 

p -p 
I 001 

= 

96.700681735529 

t 

1 .4C6P-04 

B -B 
II  C01 

= 

84.981411491412 

i 

P. 940F-04 

0 

001 

= 

3. 55270 c7 121690C- 03 

* 

r . 49°E-07 

D -C 
I 001 

-4. 87 55 934078738 C- 04 

t 

2 . 2 77E- 07 

D -D 
II  0C1 

= 

5. 4516002699856 D-04 

* 

2.481  P-06 

H 

001 

= 

9.7056436467953T--10 

t 
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Advances  in  C09  Laser  Stabilization 
Using  the  4.3  um  1 luorescence  Technique* 

by 

Charles  Freed  and  Robert  G.  O'Donnell 

M. I.T.  Lincoln  Laboratory 
Lexington,  Massachusetts 

ABSTRACT 


Significant  improvement  in  signal -to-noise  ratios  is  achieved 

with  new,  low  pressure  C09  stabilization  cells  external  to  the  lasers. 

^ "12 
A time  domain  fractional  frequency  stability  of  a (t)  - 6 x 10 

was  measured  with  independently  line-center  locked  1.5  meter  grating 

controlled  CC^  lasers.  Accurate,  repeatable  determination  of  pressure 

shift  is  demonstrated. 


*This  work  was  sponsored  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  in  part  by  U.  S.  Energy  Research  and 
Development  Administration. 
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Advances  in  CO,  Laser  Stabilization  Using  the  4.3  pm  Fluorescence  Technique* 

by 

Charles  Freed  and  Robert  C.  O'Donnell 

M.l.T.  Lincoln  Laboratory 
Lexington,  Massachusetts 


INTRODUCTION 

At  the  1976  Boulder  Conference  on  Precision  Electromagnetic  Measurements 
we  described*  the  absolute  frequency  calibration  of  CO,  isotope  laser  transitions 
with  the  two  channel  laser  heterodyne  system  shown  in  Fig.  1.  This  paper  will 
discuss  the  stabilization  technique  ;md  the  frequency  stability  achieved  with 
the  equipment  indicated  in  Fig.  1. 

It  was  previously  shown" that  CO,  lasers  can  be  frequency  stabilized  by 
using  the  standing-wave  saturation  resonances  in  a low-pressure,  room- temperature, 
pure  C0?  absorber  via  the  intensity  changes  observed  in  the  collisionally-coupled 
spontaneous  emission  band  at  4.3  pm.  It  was  also  demonstrated  that  the  frequency 
shift  due  to  changes  in  pressure  is  very  small  in  CO,,  typically  about  100  Hz/mTorr. 

In  the  initial  experiments,  a short  gas  cell  with  a total  absorption  path  of 
about  3 cm  was  placed  inside  the  cavity  of  each  stable  CO,  laser'^’4  with  a Brewster 
angle  window  separting  the  cell  from  the  laser  gain  tube.  Pure  CO,  gas  at 
various  pressures  was  introduced  inside  the  sample  cell.  A sapphire  window  at  the 
side  of  the  sample  cell  allowed  the  observation  of  the  4.3  pm  spontaneous  emission 
signal  with  a 1 iqu id-ni trogcn-cooled  InSh  dctectoi . llic  detector  element  was 
about  1.5  cm  from  the  path  of  the  laser  beam  in  the  s;implc  cell.  In  order  to 
reduce  the  broadband  noise  caused  by  background  radiation,  the  detector  placement 
was  chosen  to  be  at  the  center  of  curvature  of  a gold -coated  spherical  mirror 
which  was  internal  to  the  gas  absorption  cell.  Essentially  identical  experiment  1 

arrangements  of  CO-  lasers,  internal  absorption  cells,  and  InSb  4.3  pm  fluorescence 

^ 5 

detectors  have  been  used  in  more  recent  experiments  by  Petersen  et  al , Meyer  and 

6 7 

Rhodes,  and  also  by  Woods  and  •foliffe/  who  used  similar  but  external  absorption 
cells. 


*This  work  was  sponsored  by  the  Advanced  Research  Projects  Agency  of  the 
Department  of  Defense  and  in  part  by  U.  S.  Energy  Research  and  Development 
Administration. 
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STGNAL -TO -NOISE  RATIO  AT  4.3  pm 

In  the  C07  isotope  calibration  system  shown  by  Fig.  1,  we  use  improved  C07 
stabilization  cells  external  to  the  lasers. 

In  the  new  design,  the  low  pressure  gas  cell,  the  LN^, -cooled  radiation 
collector,  and  the  IR  detector  are  all  integral  parts  ol'  one  evacuated  housing 
assembly.  This  arrangement  minimizes  signal  absorption  by  windows  and  elimi- 
nates all  other  sources  of  absorption.  Because  of  the  vacuum  enclosure,  dif- 
fusion of  other  gases  into  the  low-pressure  gas  reference  cell  is  almost  com- 
pletely eliminated;  therefore,  the  time  period  available  for  continuous  use  of 
the  reference  gas  cell  is  greatly  increased  and  considerable  less  time  has  to  be 
wasted  on  repumping  and  refilling  procedures. One  LN^  fill  will  last  at  least 
24  hours.  Figure  2 schematically  illustrates  the  new  external  reference  gas 
cell  used  in  the  4.3  pm  fluorescence  stabilization  loop. 

With  the  new  cells  significantly  larger  signal  collection  efficiency  is 
achieved  simultaneously  with  a great  reduction  of  noise  due  to  background  radi- 
ation, which  is  the  primary  limit  for  high-quality  InSb  photovoltaic  detectors. 
We  have  evaluated  and  tested  several  large  area  InSb  detectors  and  determined 
that  LN^-cooled  background  greatly  diminished  1/f  noise  in  addition  to  the  ex- 
pected reduction  in  white  noise  due  to  the  lower  temperature  background  radi- 
ation. In  comparison  with  previously  published  results,  we  obtained  more  than 
two  orders  of  magnitude  improvement  of  the  signal -to -noise  ratio  in  measuring 
the  4.3  pm  fluorescence. 

Figure  3 shows  a typical  recorder  tracing  of  t he  observed  4.3  pm  intensity 
change  as  the  laser  frequency  is  tuned  across  the  10.59  pm  P f 20)  line  profile 
with  0.034  Torr  pressure  of  ( '0 7 absorber  gas.  The  standing  wave  saturation 
resonance  appears  in  the  form  of  a narrow  resonant  16.4%  "dip"  in  the  4.3  pm 
signal  intensity.  The  broad  background  curve  is  due  to  the  laser  power  varia- 
tion as  the  frequency  is  swept  within  its  oscillation  bandwidth.  Since  colli- 

2 5 

sion  broadening  in  the  CO^  absorber  is  about  7.6  MIz/Torr  FWHM,“’  in  the 
limit  of  very  low  gas  cell  pressure  the  linewidth  is  determined  primarily  by 
power  broadening  and  by  the  molecular  transit  time  across  the  diameter  of  the 
ji  incident  beam.  The  potentially  great  improvements  in  signal-to-noise  ratio, 

in  power  and  transit  time  broadening  and  in  short-term  laser  stability  were  the 


\ 
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motivating  factors  that  lead  to  the  choice  of  stabilizing  cells  external  to  the 
laser's  optical  cavity. 

The  one  disadvantage  inherent  with  the  use  of  external  stabilizing  cells 
is  that  appropriate  precautions  must  be  taken  to  avoid  optical  feedback  into 
the  lasers  to  be  stabilized. 

for  frequency  reference  and  long  term  stabilization  it  is  convenient  to 
obtain  the  derivative  of  the  4.3  pm  emission  signal  as  a function  of  frequency. 
This  4.3  pm  signal  derivative  may  be  readily  obtained  by  a small  dithering  of 
the  laser  frequency  as  we  slowly  tune  across  the  resonance  in  the  vicinity  of 
the  absorption  line  center  frequency.  With  the  use  of  standard  phase -sensitive 
detection  techniques  we  can  then  obtain  the  4.3  pm  derivative  signal  to  be  used 
as  a frequency  discriminator.  Figure  4 shows  such  a 4.3  pm  derivative  signal 
as  a function  of  laser  tuning  near  the  center  frequency  of  the  10.59  pm  P(20) 
transition. 


Figure  4 also  illustrates  the  signal  and  noise  level  amplitudes  we  have 

chosen  to  define  the  signal -to -noise  ratios  of  the  frequency  discriminants  in 

this  paper.  More  than  half  of  the  noise  was  caused  by  background  photon  current 
2 

noise  i - 2 el^  Af,  with  the  remainder  primarily  due  to  residual  1/f  noise. 

As  Fig.  4 shows,  the  noise  levels  were  chosen  near  the  peak-to-peak  rather 
than  the  r.m.s.  value.  A single  RC  filter  with  a 0.1  sec  risetime  was  used 
to  measure  all  the  4.3  pm  signal  and  noise  results  shown  in  this  paper. 


Thus,  the  S/N  data  presented  here  were  obtained  with  a noise  bandwidth  which 
was  twenty  times  wider  than  the  one  we  have  used  in  our  previously  published 
experiments. Obviously,  we  could  have  shown  much  larger  S/N  values  by  using 
longer  noise  averaging  times;  nevertheless  the  wide  bandwidth  data  are  considered 
more  appropriate  for  usability  in  closed  loop  stabilization  schemes. 

Figure  5 shows  another  4.3  pm  derivative  signal  with  a + 20  kHz  frequency 
dither  which  we  used  to  lock  one  laser  to  the  center  of  the  P(20)  absorption 
profile.  Figure  6 shows  the  spectrum  analyzer  display  of  the  beat  note  of  two 
lasers.  One  of  the  lasers  was  line-center  locked  by  using  the  discriminant 
shown  in  Fig.  5,  while  the  other  laser  was  free  running  with  a frequency  offset 
of  about  8 NUz.  If  both  lasers  are  synchronously  modulated  at  a 260  Hz  rate 
with  a + 20  kHz  peak  deviation  of  the  10.59  pm  P(20)  signal,  the  beat  note  ap- 
pears as  a relatively  narrow  single  spectral  line  shown  in  the  left  half  of 
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Fig.  6.  The  right  half  of  Fig.  6 illustrates  a typical  FM  signal  spectrum 
which  results  when  the  modulation  signal  is  disconnected  from  the  free  running 
laser.  The  lasers  remained  locked  to  the  line  center  with  as  little  as  +2  kHz 
frequency  dither.  Respective  rise  times  of  0.001  and  0.03  to  1.5  seconds 
were  used  in  the  phase  sensitive  detector  and  in  the  high  voltage  integrating 

g 

amplifier  of  the  servo  loop. 

Figure  7 illustrates  the  signal,  noise  and  S/N  obtained  with  + 100  kHz 

dithering  of  the  laser.  Figure  8 provides  a summary  of  the  signal -to-noise 

ratios  as  a function  of  peak  frequency  deviation  at  a 260  Hz  rate.  The  results 

12  16 

summarized  in  Fig.  8 were  obtained  with  a ^CriX,  10.59  qm  P(20)  laser  power 
of  about  1.75  watts.  The  absorption  cell  diameter,  the  beam  diameter  (at  the 
1/e  field)  and  beam  divergence  were  about  22.2  mm,  11.8  mm  and  1.5  x 10  radians, 

respectively.  The  C0?  cell  pressure  was  purposefully  chosen  to  be  about  0.034 

^ 7 4 5 6 

Torr  to  provide  easy  comparison  with  previously  published  results. ’ ’ ’ 

9 10 

ITie  relatively  slow  decay  ’ of  the  spontaneous  4.3  qm  radiation  arising 
from  the  (00%)  -+  (00%)  transition  seriously  limits  the  maximum  frequency  that 
can  be  effectively  used  to  modulate  the  CO^  lasers.  Figure  9 clearly  illustrates 
the  loss  of  the  4.3  qm  signal  with  increasing  modulation  frequency.  The  4.3  qm 
decay  rate  is  primarily  determined  by  cell  pressure  and  geometry.  Consideration 
of  detector  1/f  noise  may  well  dictate  an  optimum  modulating  frequency  which  is 
higher  than  would  be  indicated  by  considering  the  signal  alone.  As  an  example, 
Fig.  10  shows  the  signal,  noise  and  S/N  as  a function  of  modulation  frequency 
for  one  of  our  reference  cells.  From  Fig.  10  it  is  clear  that  at  0.034  Torr 
pressure  the  optimum  modulating  frequency  is  approximately  500  Hz,  in  spite  of 
some  loss  of  signal  at  this  frequency. 

FRl-QUliNCY  STAB! I , FIT  AND  RliPRODUCIBIUTY 

In  order  to  investigate  in  the  most  direct  fashion  the  various  parameters 
affecting  frequency  stability,  we  carried  out  extensive  measurements  of  the  Allan 
Variance  on  the  2,697.86  MHz  beat  frequency  between  the  ^C^Q,  00%  - ri0%,02°0,j 
band  P(20)  and  the  13C180o  00°1  - 'l0°0,02°0|T  band  R(24)  laser  transitions.11 
Rv  using  two  different  CO^  isotope  lines,  frequency  pulling  due  to  optical 
feedback  was  avoided  and  the  2,697  MHz  heat  frequency  output  of  the  HgCdTe  photo- 
diode was  directly  measured  by  a microwave  frequency  counter;  thus  only  two 
independently  lockable  lasers  and  a single  microwave  frequency  counter  were 
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utilized  in  the  experiments  to  be  described  in  this  section  (Note  that  Fig.  1 
indicates  a separate  microwave  local  oscillator  and  a second  counter;  neither 
ot  these  were  necessary  for  the  stability  measurements.) 

Since  each  laser  was  assumed  to  contribute  equally  to  the  instability, 
the  measured  Allan  Variance  was  divided  by  /2  times  the  laser  frequency 
(2.8306  x lO^Hz)  in  order  to  derive  the  fractional  frequency  stability  for 
a single  laser  as  a function  of  sample  time,  r (gating  time  of  the  frequency 
counter) . 

12 

In  compliance  with  the  "Truth  in  Packaging"  dictates  that  the  sample 
size,  m,  be  stated  with  the  results.  Table  I gives  the  sample  size,  m,  for 
each  observation  time,  x,  used  to  obtain  the  Allan  Variance. 


x (seconds) 

0.1 

0.2 

0.4 

0.7 

1.0 

2 

5 

10 

25 

SO 

100 

250 

500 

» 

1000 

m 

101 

101 

101 

101 

101 

51 

26 

26 

11 

3 

3 

3 

3 

2 

u 

Table  I.  Sample  Size,  m,  as  a Function  of  Sample  Time,  x. 


The  stability  of  the  lasers  may  be  best  summarized  by  Fig.  11  where  each 
circle  or  cross  represents  an  Allan  Variance  measurement  based  on  a sample  size, 
m,  as  specified  in  fable  I above. 

The  I’racl  ionn  1 stability  of  the  beat  note  of  the  two  lasers  under  free 

running  conditions  is  denoted  by  crosses  and  may  be  reasonably  well  approximated 

-10  0 72 

by  oy  (unlocked)  - 10  x x * which  of  course  indicates  the  drift  rate  of  the 
lasers  relative  to  each  other. 

The  circles  represent  the  results  obtained  with  each  laser  independently 

1 7 16 

locked  to  its  own  reference  absorption  cell  filled  with  40  mTorr  of  “C  07 

17  10  L 

and  C 0^,  respectively. 

As  Fig.  11  indicates,  there  were  three  consecutive  sets  of  measurements 

made,  each  based  on  m samples  for  any  given  observation  time,  x.  The  locked 

-12  -1/2 

laser  stability  may  be  described  by  a (locked)  - 6 x 10  x 


W^~  1 
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Thus,  the  instability  ot  the  lasers  became  less  than  1 x 10  for 

-1"’ 

sample  times  x _>  40  seconds.  A fractional  stability  of  10  corresponds 
to  o r = 28  Hz  fluctuation  in  the  laser  frequency.  Since  the  piezoelectric 
mirror  tuning  rate  is  about  200  kHz/volt,  the  phase  sensitive  detector  out- 
put stability  (drift)  must  be  less  than  150  mv  to  achieve  1 x 10  long-term 
stability.  Such  low, long-term  drift  was  clearly  beyond  the  capability  of 
the  ten  year  old  lock-in  amplifiers  used  to  obtain  these  results;  therefore, 
the  measurement  of  longer  term  stability  with  larger  sample  sizes  was  not 
seriously  pursued  in  the  current  phase  of  our  experiments.  However,  the  sta- 
bility we  did  obtain  was  quite  sufficient  to  carry  out  accurate  and  repro- 
ducible measurement  of  pressure  shift  in  C07. 

In  the  pressure  shift  experiments  both  lasers  are  locked  to  their  in- 
dividual reference  cells,  and  the  shift  in  the  beat  frequency  is  measured  as 
a function  of  pressure  change  in  one  of  the  cells,  with  the  pressure  held 
constant  in  the  second  cell  in  order  to  obtain  a stable  reference  laser  fre- 
quency . 

Figure  12  shows  the  last  two  digits  of  the  2,697,862  + 6 kHz  beat  fre- 
quency of  the  12C16CL  laser  00%  - [l0%,  02%].  - band  P(20)  and  the 

0 r o z o 1 L J 1 L 

laser  00  1 - 10  0,  02  0 T - band  R(24)  transitions  as  a function  of  pressure 

in  the  TO,  reference  cell.  Each  circle  in  Fig.  12  is  based  on  an  observa- 
tion time  of  x = 10  seconds  and  a sample  size  of  m = 26.  As  Fig.  12  indicates, 
two  independent,  consecutive  sets  of  measurements  give  results  which  are  barely 
distinguishable  from  each  other  and  are  within  one  a^(x)  of  the  solid  line.  A 
straight  line  fitting  (by  the  least -squares  method)  of  the  data  between  0 and 
60  mTorr  yields  a -108.6  Hz/mTorr  frequency  change  with  increasing  pressure  in 
the  reference  cell  (red  shift).  The  pressure  shift  becomes  larger  and 

nonlinear  at  higher  pressures,  but  for  for  the  purpose  of  frequency  stabiliza- 
tion only  the  low  pressure  region  is  of  interest.  It  is  rather  interesting  to 
note  that  our  original  1970  estimate  ’ was  also  about  100  Hz/mTorr  red  shift 
for  the  same  P(20)  laser  tramsition. 

Analoguous  data  for  the  00%  ' [l0%,  02%][*  banc  R(24)  transi- 

tion gave  a 168.6  Hz/mTorr  red  shift  in  the  0 - 60  mTorr  pressure  range. 

Neither  repeated  breaking  and  resetting  of  the  frequency  lock,  nor  refilling 
of  the  lasers  and  the  reference  cells  altered  the  results  shown  in  Figs.  11 
and  12. 


I 
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CONCLUSIONS 

The  data  presented  in  this  paper  clearly  show  significant  advances  in 
CO.,  laser  stabilization  using  the  4.3  um  fluorescence  technique.  The  time- 
domain  frequency  stability  data  of  Fig.  11  are  quite  consistent  with  the 
spectral  density  measurements  presented  at  the  Seminar  on  Frequency  Standards 

4 

and  Metrology  in  Quebec  (See  Fig.  5).  It  is  noteworthy  that  the  frequency 
stability  shown  in  this  paper  was  achieved  with  relatively  large,  1.5  meter, 
grating  controlled,  LR-35  invar  lasers  (See  Fig.  5 in  Reference  4)  with 
+ 100  kHz  synchronous  frequency  modulation  of  the  outputs.  We  have  pre- 

13  14 

viously  demonstrated  far  better  spectral  purity  with  smaller,  super-invar  ’ 
cavity  lasers  (See  Figs.  1 and  4 in  Reference  4.)  In  the  next  phase  of  our 
experiments  the  use  of  super- invar  lasers  in  conjunction  with  larger  diameter 
stabilizing  cells  and  ultra-stable  electronics  will  undoubtedly  result  in  at 
least  one  order  of  magnitude  improvement  over  the  time  domain  stability 
shown  in  Fig.  11. 
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jj. m Fluorescence 


S/N  = 29 
Af  = ±5  kHz 
f m = 260  Hz 


r = 0.1  sec  (single  pole) 

P0  = 1.75  W,  P(20);  10.6  ^.m 
p = 0.034  Torr 


SIGNAL 


Recorder  Tracing  of  the  4.3  (jm  Derivative  Signal  as  a Function  of  Laser 
Frequency  Tuning  near  the  Center  Frequency  of  the  P(20)  Transition  at 
10.59  |i.m;  the  Frequency  Dither  is  set  to  ± 5 kHz  at  a 260  Hz  Rate. 


S/N  = 97 
Af  = ±20  kHz 
fm  = 260  Hz 


r = 0.1  sec  (single  pole) 

P0  = 1.75  Ws  P(20);  10.6 /xm 
p = 0.034  Torr 


. Recorder  Tracing  of  the  4.3  (j.m  Derivative  Signal  as  a Function  of  Laser 
Frequency  Tuning  near  the  Center  Frequency  of  the  P(20)  Transition  at 
10.59  nm;  the  Frequency  Dither  is  set  to  ± 20  kHz  at  a 260  Hz  Rate. 


\ 
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Both  Lasers  Modulated 
at  260  Hz 


One  Laser  Modulated 
at  260  Hz 


Spectrum  Analyzer  Display  of  the  Beat  Note  of  Two  Lasers  with  one  Laser 
Locked  to  the  Line  Center  and  the  Other  Offset  by  8 MHz  and  Free  Running 
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Sigr.al-to-Noise  Ratio  as  a Function  of  Peak  Frequency  Dither  at  a 260  Hz  Rate 


Fig. 10.  Signal,  Noise  and  Signal-to-Noise  Ratio  as  a Function  of  Modulation 
Frequency  for  a 22.2  mm  Diameter  Cell  Filled  with  0.034  Torr  C0„. 


(Unlocked) 


Fig. 11.  Time  Domain  stability  of  grating  controlled  CC>2  lasers 


Variation  of  the  2,697,862  + kHz  beat  frequency  as  a function  of  pressure  change 
in  the  ^%^%„  reference  cell  for  the  00%  - [10%,  02%  1 band  P(20)  transiti 
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4.  MICROWAVE  FREQUENCY  SHIFTING 

By  scaling  arguments  it  appears  possible  to  demonstrate  the 
shifting  of  10.6  urn  laser  output  by  = 0.5  cm"1  with  single  sideband  efficiency 
> 1%.  The  cw  technique  we  presently  use  is  the  application  of  a traveling 
microwave  field  in  a waveguide  structure  containing  single-crystal  GaAs  or 
CdTe.  The  linear  electro-optic  effect  in  the  crystals  generates  two  sidebands 
separated  from  the  infrared  carrier  by  the  applied  microwave  frequency.  By 
using  essentially  the  same  microwave  structure  and  replacing  the  cw  microwave 
source  (100  W)  by  a high  peak  power  magnetron  (rated  100  kW,  0.5  - 3 ys  pulse 
width)  one  can  increase  the  conversion  efficiency  and  use  the  linear  dependence 
of  the  efficiency  on  microwave  power  to  scale  the  expected  conversion  efficiencies 

Figure  4 -lshows  a schematic  of  the  crystal  in  the  waveguide  structure 
of  width  w,  crystal  width  a,  length  L and  height  h.  The  crystal  touches  the 
top  and  bottom  of  the  waveguide.  The  ratio  w/ais  chosen  to  match  the  phase 
velocity  of  the  microwave  field  and  the  infrared  field.  With  our  crystal 
orientation  the  shifted  frequency  (sideband)  is  orthogonally  polarized  to  the 
unshifted  (carrier)  frequency. 

The  linear  electro-optic  effect  should  have  a single  sideband  conversion 
efficiency  E = aP^  where  is  the  microwave  power.  For  a GaAs  crystal 
(a  = 5.6mm,  h=  2.5mm;  L = 6 cm)  based  on  our  cw  measurements  a = 2 x 10  ^(kW)  1 
For  a CdTe  crystal  (a  = 4.6  mm,  h = 2.5  mm,  L = 5 cm)  a = 8 x 10  ^ (kW)  . This 
includes  microwave  and  optical  losses.  Therefore  a 10  kW  microwave  pulse  should 
give  = 2%  conversion  efficiency  for  GaAs,  and  8%  for  CdTe. 

Our  initial  tests  have  concentrated  on  the  microwave  breakdown  problems 
which  we  feel  will  ultimately  limit  the  conversion  efficiency.  We  have  used 
available  polycrvstalline  CdTe  (of  the  previously  stated  dimensions)  in  a 
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waveguide  structure  planned  for  the  conversion  tests.  We  found  no  breakdown 
at  10  kW,  occasional  breakdown  at  15  kW,  and  frequent  breakdown  at  20  kW 
fall  at  15.6  GHz).  The  CdTe  was  not  damaged  making  it  difficult  to  detect 
where  the  breakdowns  occur.  Due  to  the  success  at  10  kW  we  plan  to  measure 
optical  conversion  efficiencies  using  an  AR-coated  single-crystal  piece  of 
GaAs  on  hand.  Figure 4-2 shows.*  schematic  of  the  experimental  layout.  The 
polarizer  following  the  modulator  (frequency  shifter)  uses  four  plates  of 
Ge  at  Brewster's  angle  to  reflect  the  carrier  into  an  absorber  while  trans- 
mitting the  sideband.  The  Fabry-Perot  is  used  as  a narrowband  infrared 
filter  to  select  (and  identify)  one  sideband.  The  detector  is  Cu:Ge  with  a 
- 20  MHz  response  to  detect  the  1 ps  pulse. 

An  obvious  limitation  that  can  occur  is  damage  to  the  AR  coating  on 
the  crystal  in  the  presence  of  the  microwave  field  due  to  its  electrical 
conductivity. 

We  plan  to  purchase  a single  crystal  of  CdTe  to  improve  the  efficiency 
and  explore  techniques  to  improve  single- sideband  efficiency  once  initial 
results  are  obtained. 

G.  M.  Carter 
C.  Freed 


Figure  Captions: 

4-1  Schematic  representation  of  the  crystal  waveguide  structure. 

E0,  Fg  , Em  are  the  carrier,  sideband,  and  microwave  fields, 
respectively.  kQ,  3<m  are  the  propagation  vectors  for  the 
carrier  and  microwave  fields.  Dimensions  not  to  scale. 

4-2  Schematic  of  experimental  arrangement  for  sideband  generation 

and  measurement. 


Fig. 4-2 
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